INTRODUCTION
The combined abatement of SO2 and NO, is a key issue in electric power production. During the coal combustion process a flue gas stream containing these components is produced. Many processes are available and under development that cope with this problem.
The Electrical Power Research Institute (EPRI, USA) has performed an engineering evaluation of combined NOx and SO., control technologies (Cichanowicz et al., 1991) . This evaluation was based on more than 70 candidate processes and showed only a few removal technologies that are attractive alternatives to conventional flue gas desulfurization (FGD) and selective catalytic reduction (SCR). According to Cichanowicz et al. (1991) , processes that combine SO, and NO~ removal into one step or separate steps with synergistic interactions are preferable to conventional technologies in cost, reliability and environmental effects. The category of solid adsorption/ regeneration appears to be the most prolific development. One of the leading contenders is a process developed by the NOXSO Corporation. NOXSO combines the removal of SO 2 and NO~ in one step in a solid adsorption/regeneration process. The NOXSO process therefore is a promising technology for combined NO x and SO2 removal (Bell et al., 1995) .
Solids circulation and the loss of sorbent during this transport is one of the main concerns in the process. At Delft University of Technology (DUT) a new type of reactor is under development that is suitable for transportation of large amounts of solids with minimum attrition: the Interconnected Fluidized Bed (IFB) reactor. To obtain insight in the possible advantages of the use of an IFB reactor system for the NOXSO process, the design study as presented in this paper was initiated.
NOXSO PROCESS LAYOUT
The NOXSO process is a dry flue gas treatment technology that uses a regenerable sorbent to simultaneously remove 90% of the SO2 and 70-90% of the NO~ from flue gas generated from the combustion of coal. The process has been successfully tested at different scales. A Life-Cycle Test Unit (0.06 MW) was operated to determine longterm effects of the process on sorbent reactivity and attrition properties. The test results were published by Ma et al. (1991) and Yeh et al. (1992) . The Proof-of-Concept (POC) Test (5 MW) was the last test prior to full-scale demonstration. The test collected all design information for the full-scale NOXSO plant. The results were published by Ma and Haslbeck (1993) In Figure 1 , a schematic view of the NOXSO process is given. Flue gas from the power plant flows through the fluid-bed adsorber. Water is sprayed directly into the fluid bed as required to lower the temperature to the adsorption temperature of 120 °C by evaporative cooling.
Spent sorbent from the adsorber flows into a dense-phase conveying system which lifts the sorbent to the top of the sorbent heater vessel. The sorbent flows through the multi-stage fluid-bed sorbent heater (counterflow to the heating gas) which heats the sorbent to the regeneration temperature of 680 °C. fl ue gas outl et )
Uk~t gas
In the sorbent heating process, the NO, is driven from the sorbent and carried to the power plant boiler in the NO, recycle stream. The excess heat input in the heater is recovered for 60% by using the NO, recycle stream to heat part of the power plant's feedwater. The cooled, NO,-rich recycle stream replaces a portion of the boilers combustion air; it hereby reduces the formation of NO x in the boiler resulting in a net destruction of NOx.The heated sorbent enters the moving bed regenerator where it is contacted with natural gas. Through a series of chemical reactions, the sulfur on the sorbent reacts with the methane to form SO 2 and H2S. Additional regeneration occurs in the steam treater where the sorbent is contacted with steam and the remaining sulfur on the sorbent is converted to H,.S. The regenerator and steam treater off-gas streams are combined and directed to a sulfur recovery plant where H2S and SO, are converted to a sulfur by-product.
High temperature sorbent from the steam treater passes the multi-stage fluid-bed sorbent cooler. The sorbent flows counter to the ambient air which cools the sorbent. Regenerated sorbent exits the cooler at 130 °C. It is directed to the adsorber completing the sorbent cycle. The preheated air from the sorbent cooler is heated up to 840 °C and used in the sorbent heater.
In the NOXSO process sorbent needs to be recirculated between the fluidized bed reactors. The 'solids flow path' is presented in Figure 2 . It can be seen that the solids move through a series of pneumatic transport lines and non-mechanical valves. An alternative for this solids transport system is the IFB reactor system.
INTERCONNECTED FLUIDIZED BED TECHNOLOGY
The IFB reactor technology is currently being developed at DUT . The most important advantages of this technology are: (1) the sorbent is transported in a fluidized mode at moderate particle velocities minimizing attrition and loss of sorbent and (2) the IFB reactor can be very compact due to the absence of solids transportation systems.
A small hot pilot-plant facility is currently operated for the investigation of regenerative desulfurization during fluidized bed coal combustion (FBC) (Snip et al., 1994) . In this facility, the IFB reactor consists of multiple sets of dense and lean bed compartments. The transport of solids is induced and controlled by means of differently aerated compartments. In turn, the solids flow over a weir and through an orifice which connect the respective compartments. The solids upflow compartments act as chemical reactors and the downflow compartments serve as strippers between two reactors. See Figure 3 for a schematic view of one set of IFB compartments.
The main difference between the NOXSO process in a conventional set-up and the alternate IFB set-up is that in the IFB system all reactors, coolers and heaters are constructed in one vessel. Therefore no conveying lines or any solids transport system are needed. For the NOXSO process multiple sets of these connected beds are necessary to run the process.
It was found (Korbee, 1995) that the solids flowrate through a system of multiple sets of dense and lean beds can be well controlled by operating one of the transport beds below or equal to the condition of minimum fluidization. Only one set of dense and lean bed will dictate the Circulation Rate of Solids (CRS) through the system. The Circulation Rate of the Solids (CRS) though the 1FB system is equal to the solids flow (Ore) in the limiting orifice.The solids flow (~m) can be calculated according to a model described by Korbee et al. (1995) . In this model, the solids are assumed to be driven by: (1) a net horizonally directed normal stress caused by the presence of the particles at both sides of the orifice (AoN) and (2) the gas pressure drop across the orifice (APo):
c~. n : C D Aori,fce~/p p(1 -E)2 (A~N+APo)
(1)
An important simplification was made to the model (in this design): the normal stress (at~) is assumed to have no influence on solids flow in the range of conditions applied in the IFB system (its contribution is negligible compared to the gas pressure drop); the correctness of this assumption will be verified later. The discharge coefficient (Co) was set to a constant value of 0.5, according to Davies and Fenton (1995) and Zhang and Rudolph (1991) , accounting for friction losses in the region of solids flow between dense and lean bed. 
ADSORPTION AND REGENERATION CHEMISTRY
The NOXSO sorbent is a -t-alumina bead impregnated with sodium carbonate. The sodium content is 5.2 wt% and the average particle size is 1.2 ram. The active ingredients on the NOXSO sorbent are sodium and alumina. These both contribute to the sorbent's capacity to adsorb SO 2 and NO, from the flue gas. Several adsorption tests verified the following phenomena: (1) presence of oxygen and steam enhances the NOx and SO 2 sorption on the sorbent, (2) NOx is removed only if SO 2 is also present in the flue gas, (3) sorbed NO~ will desorb if more SO 2 is fed into the reactor and (4) the NO, and SO2 sorption is limited by the NOx sorption. A detailed reaction scheme is given by Ma et al. (1994) . The adsorption model used for design purposes in the present study is taken from Ma and Haslbeck (1993) . The kinetics are based on the above mentioned experimemal observations. In order to incorporate the adsorption mechanism into a fluid bed adsorber model, a time averaged sorbent conversion and mean gas concentration are used. The adsorber is modelled by assuming plug flow for the gas phase and mixed-flow of the solids phase. The values for the kinetic parameters used in this design are estimated by Ma and Haslbeck (1993) from experimental data obtained in a flue gas treatment plant capable of cleaning the flue gas stream of a 5 MW power plant.
A gas-solid sulfur balance gives insight to the relation between the molar flue gas stream (¢,,of. n= ~,,), the mole fraction SOz in flue gas (Yso2), the Circulation Rate of the Solids (CRS) and the sulfur load after adsorption and regeneration (S,a, and S=g):
The NO~ that is removed in the adsorber is completely evolved in the sorbent heater. The sulfur needs to be regenerated by contacting the heated sorbent with methane and steam respectively. The rate of sulfur regeneration for the spent sorbent can be predicted according to a ½-order rate equation in the sulfur content of the sorbent. The agreement between experimental data and model predictions is reasonable and therefore the model can be used to size the regenerator (Ma and Haslbeck, 1993 _1 elutriation I dp, rain "1 model, ,I , Uadsorber Fig. 4 . Calculation scheme for IFB reactor system.
The flue gas stream that needs to be treated is fixed by the fact that it is originating from a specific power plant (150 MWe): 172.3 Nm3/s containing 2400 ppm SO z and 781 ppm NO~. The requirements of the process were set to: 95% SO 2 and 90% NO r removal. The size of the power plant (150 MWe) and the removal efficiencies of SO2 and NO~ were chosen such that the present IFB design provides relevant information that can be compared to design data that was available from the original NOXSO setup. The calculation scheme that was applied in this design is shown in Figure 4 . It is based on the following considerations.
Test results made clear that the temperature in the sorbent heater determines the sulfur content of the sorbent for the whole process. The sulfur content increases linearly with decreasing temperature. Further, the difference in sulfur content between spent sorbent (S=~) and regenerated sorbent (Srcs) appears to be constant (Ma and Haslbeck, 1993) . A low regeneration temperature is preferred in terms of energy conservation and sorbent life but for the sake of process safety the temperature in the sorbent heater is controlled well above the auto-ignition temperature of natural gas (602 °C). Any natural gas that slips into the sorbent heater due to the process upset will burn spontaneously.
The fixed sulfur content of the sorbent (Sad s and Sr~), the amount of flue gas and the removal efficiency of SO2 determine the appropriate Circulation Rate of Solids (CRS). The CRS is calculated by Equation (2). According to the fluid bed adsorber model (described in the previous section), the solids inventory in the adsorber can be calculated. To calculate the fraction of the NOx that is removed, the efficiency of the NO~ destruction in the burner has to be taken into account as well. This is due to the recycle stream that returns the NOx rich stream (from the sorbent heater) to the burner where part of the NOx is destroyed. When the NOx removal is satisfactory, the resulting bed inventory and CRS are known.
The inventory of the regenerator is calculated based on the known CRS and the regeneration model that is described in the previous section and by Ma and Haslbeck (1993) .
DESIGN OF THE IFB REACTOR SYSTEM
When the CRS and the inventories of adsorber and regenerator are known, the IFB reactor system can be further designed (Figure 4) . The over-all picture of the IFB reactor is shown in Figure 5 . The 1FB reactor system consists of 4 sets of beds as given in Figure 3 and Table 1 . All compartments have a specific function and are therefore necessary for a proper operation of the NOXSO process in the IFB reactor. The first step in designing the IFB reactor system is the design of the individual compartments. The CRS and the solids inventories of the adsorber and regenerator are already known. The size (bed height, area) and gas velocity for all compartments are still to be fixed.
Set 1: adsorber and transport bed
The first set consists of the adsorber where the flue gas is cleaned and a transport bed that is used for the purpose of solids control. The gas velocity in the adsorber is set to a value that is equivalent to the terminal velocity (Ut) of the smallest particle that has to stay in the bed (in this design: dp, mLo = 840/zm and the corresponding Ut = 2.8 m/s). The gas velocity is set on this value and the corresponding size, bed height and other related properties can be evaluated (see Table 2 ). In the transport bed, (like in all the beds in this IFB system) the superficial gas velocity that is given in Table 2 is actually a slip velocity. The expanded bed height of the adsorber is 2.5 m. This height is also taken for the height of the weirs in the other sets of lean and dense beds.
Set 2: heater and transport bed
The second set consists of the heater and a stripping bed. The stripping bed is necessary because air has to be prevented to enter the regenerator where methane is present. The heater in this design is a one stage fluid bed. The sorbent particles are heated by the hot inlet gas stream. Since the heat transfer in a fluid bed is fast, this will normally not be a limitation. The temperature of the inlet gas stream that is necessary to heat the sorbent to the desired temperature is calculated based on an enthalpy balance. Again the terminal gas velocity determines the gas velocity that is used.
Set 3: regenerator and transport bed
The regenerator is designed according to equivalent considerations as given in the adsorber design. To obtain the gas velocity in the regenerator that is necessary to enable minimum fluidization conditions, a small recycle of the off-gas is included in this design. The transport bed is aerated with steam for stripping residual sulfur that is still present on the sorbent.
Set 4: cooler and transport bed
The fourth set consists of a cooler and a transport bed. The cooler is essentially designed in the same way as the heater. The only difference is that part of the cooling is carried out in the adsorber by an additional water spray. This is additional since the water spray is already necessary due to the exothermic reactions during adsorption of SO 2 and NO,. 
RESULTS AND DISCUSSION
The results of the calculations discussed in the previous section are listed in Table 2 . The configuration (crosssection) of the IFB system is shown in Figure 6 . From the CRS and the pressure drops over the orifice the size of the orifice can be calculated. The CRS is known and its value is 43.5 kg/s. This is the circulation rate through all compartments. Under the assumption that the normal stress is zero, the driving force for solids flow comes down to the difference in density between the connected beds. The area of the orifice that is necessary under the conditions given in Table 2 , was calculated according to Equation (1) and results are given in Table 2 . Solids fluxes are calculated between 150 and 350 kg/m2s. The ratio of the area of the orifice to the area of dense (Ao~nc=/A,~,,e ~) and lean bed (A~r=/At=, ~) have maximum values of 2.6% and 0.3 % for the orifice between regenerator (R6) and cooler (R7).
In practice the design of the orifices between the compartments will be such that one of these provides a restriction in solids flow. This is an advantage because in that case the solids flow and therefore the CRS can be controlled by adjusting the gas velocity to one transport bed. The most appropriate bed in this set-up is R2, the transport bed after the adsorber, because it has no second function.
To calculate the solids flow the assumption was made that the difference in normal stress (AoN) is negligible compared to the orifice pressure drop (APo~,n,) . This holds since normal stresses in a bed of particles at minimum fluidization conditions are negligible to gas pressure drops . In Table 2 it can be seen that all transport beds (except R8 that is operated at a somewhat higher gas velocity to enhance heat transfer) are designed at minimum fluidization velocity.
The gas flow through the orifice was calculated by application of the model of Korbee et al. (1995) on the specific conditions in the IFB system. This gas flow is negligible with respect to its influence on the lean bed. However, the influence is significant on the gas velocity in the dense bed. The ratio of gas flowing through the orifice to fluidization gas in the dense transport bed is (maximum value) 0.15 for the connection between regeneration transport bed and cooler (R6 to R7). The results were obtained taking into account this effect on all dense bed gas velocities.
A case study was performed on the connection between heater and regenerator. The original NOXSO set-up ( Figure 2 ) was compared to the IFB reactor ( Figure 5 ) with respect to the amount of gas (steam) that is needed for solids transport. It appears that the amount of steam needed in this IFB design is twice the amount needed in the NOXSO process. It must be stated however that the size of the transport compartment in the IFB set-up was not optimized. A transport bed in an IFB reactor system essentially is a non-mechanical valve.
One of the potential advantages of the IFB reactor system is the limited attrition that occurs during solids circulation. Solids make-up consists of approximately 35 % of the operational and maintenance costs in the NOXSO set-up (Leonard et al., 1994) . It is obvious that limiting the attrition will substantially contribute to process economics. Further economic evaluation is difficult to make due to a lack of exact prices of specific equipment and detailed design information. The construction of the IFB set-up compared to the NOXSO set-up is less complicated. Therefore the investment costs will be less than for the NOXSO set-up. Further advantage over the NOXSO set-up is that all reactors are at ground level. Therefore the additional amount of compressed gas to transport the particles up and down is much smaller. 
CONCLUSIONS
In this paper, a comprehensive overview is given of a preliminary design of an IFB reactor system for regenerative SO2 and NO, removal from flue gases. The design shows that an IFB reactor system can be constructed to accommodate the NOXSO process. This design concerns the NOXSO process, as developed and owned by the NOXSO Corporation (USA), carried out in an IFB reactor system. The IFB set-up is suitable for processes in which large amounts of solids need to be transported. The IFB reactor system therefore has certain advantages compared to the NOXSO set-up for solids transport. The main advantages are: (1) less attrition due to a lack of transport lines, (2) the IFB system is compact and (3) less compressed gas is needed for solids transport because all vessels are at ground elevation. The first advantage is obvious but difficult to quantify. Further investigation is necessary to obtain the relevant attrition data of the specific sorbent under relevant process conditions. It is important to determine in which part The IFB reactor system therefore has certain advantages compared to the NOXSO set-up for solids transport. The main advantages are: (1) less attrition due to a lack of transport lines, (2) the IFB system is compact and (3) less compressed gas is needed for solids transport because all vessels are at ground elevation. The first advantage is obvious but difficult to quantify. Further investigation is necessary to obtain the relevant attrition data of the specific sorbent under relevant process conditions. It is important to determine in which part of the NOXSO set-up for solids circulation most of the attrition occurs. The IFB system is compact and integrated. This is confirmed by the preliminary design. It must be stated that this design is not optimized by size. For example, the size of cooler and heater can be reduced when partitioning of these vessels is applied.
In future work on the NOXSO process in an IFB system, attention will be given to attrition and energy requirements for solids transport. At this moment the IFB system seems to be an attractive alternative set-up for solids transport in the NOXSO process. However, a more detailed design and economic evaluation is needed to quantify these advantages.
